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Frequency behaviorThe frequency behavior of the langasite crystal microbalance (LCM) was studied, by measuring density and vis-
cosity of gas mixtures consisting of inactive and reactive gases, such as nitrogen, hydrogen, trichlorosilane and
monomethylsilane at atmospheric pressure in the temperature range from 160 to 600 °C. For expressing the
LCM frequency decrease with the increasing concentrations of nitrogen, trichlorosilane and monomethylsilane
gases in hydrogen, the measurement and the calculation of the LCM frequency difference between the gas mix-
ture and the carrier gas were studied, as the practical method by optimizing the coefﬁcients accounting for the
gas properties. The obtained equation was shown to be applicable for a wide range of gas phase conditions in
the chemical vapor deposition reactor.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Chemical vapor deposition (CVD) is one of the most fascinating
key technologies used in modern and advanced industries [1]. The
thin ﬁlm formation by the CVD is a complicated process consisting
of various transport phenomena involving the gas-phase and surface
chemical reactions. For clarifying the entire CVD process, each of the
phenomena should be evaluated by actual measurement and theory.
Although the numerical calculation technology based on computa-
tional ﬂuid dynamics has been signiﬁcantly advanced [2], an experi-
mental approach still remains very difﬁcult [3]. The major reason
causing the difﬁculty is due to a sensor which seriously suffers from
thermal, mechanical and chemical damage by the reactive gases at
high temperatures under the CVD conditions.
The expected solution for this problem is the in situmonitoring tech-
nique using the langasite crystalmicrobalance (LCM) [4–6], because the
LCM has a signiﬁcant potential for sensitively working at high temper-
atures in various gases. The LCM has been known to be sensitive to var-
ious changes in the phenomena related to ﬁlm deposition and ﬂuid
conditions in a reactor [5,6]. Thus, the information obtained from the
LCM frequency behavior will signiﬁcantly help understanding the CVD
phenomena. However, such an approach is often very difﬁcult, because
the LCM frequency shows a very complicated behavior which is
non-linearly inﬂuenced by various parameters in the CVD reactor..V. Open access under CC BY license.For a sufﬁcient use of the LCM, a practical measurement and analysis
process for the LCM should be developed. Additionally, the present
equation [7,8] should be optimized to show the linear relationship
between the LCM frequency and any function consisting of various
parameters over the wide CVD conditions.
In this study, the LCM frequency behavior was evaluated using the
gas density and the gas viscosity of the CVD conditions consisting of sev-
eral inactive and reactive gases, such as nitrogen, trichlorosilane and
monomethylsilane in ambient hydrogen, over wide ranges of tempera-
ture and gas concentration. The practical measurement process linked
with the useful equation, applicable for wide gas phase conditions, was
obtained.2. Experimental procedure
The langasite (La3Ga5SiO14) crystal [4,9] with y-cut was used. Fig. 1
shows the horizontal cold wall reactor containing the LCM. This reactor
consists of a gas supply system, a quartz chamber and infrared lamps.
The gas supply system can introducehydrogen, nitrogen, trichlorosilane
and monomethylsilane gases. Hydrogen is the carrier gas. The gas ﬂow
channel of this reactor has a low height and a small rectangular cross
section in order to achieve a high consumption efﬁciency of the reactive
gases. The height and the width of the quartz chamber were 10 mm
and 40 mm, respectively, similar to those used in our previous studies
[5,6,10–14].
A 30-mm-wide × 40-mm-long (100) silicon wafer manufactured by
the Czochralski method was horizontally placed on the bottom wall of
the quartz chamber. The LCM (Halloran Electronics, Tokyo, Japan) was
placed 5 mm above the silicon wafer and was connected to a personal
computer via an ampliﬁer for recording its frequency.
Fig. 1. Chemical vapor deposition reactor containing a langasite crystal microbalance.
Fig. 3. Frequency of langasite crystal microbalance for hydrogen and gas mixtures.
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with the increasing temperature, similar to our previous studies [5,6].
The silicon wafer and the LCM were simultaneously heated by infrared
light from halogen lamps through the quartz chamber. The LCM was
heated not only by the infrared light, but also by radiation heat and
conduction heat from the hot silicon wafer. The temperature of the
silicon wafer was measured prior to the CVD process using thermocou-
ples. Because the position of the LCM was very near the silicon wafer,
the temperature of the LCM was assumed to be the same as that of
the silicon wafer.
A typical process used in this study is shown in Fig. 2. First, the LCM
was heated to 160, 400, 500 and 600 °C in hydrogen at atmospheric
pressure. The temperature setting error was less than 5 °C. At the
ﬁxed temperature, the temperature ﬂuctuation in each measurement
was quickly estimated to be within 1 °C. After waiting until the LCM
frequency became stable, the nitrogen gas, trichlorosilane gas and
monomethylsilane gas were introduced at atmospheric pressure into
the reactor chamber. The ﬂow rates of the nitrogen gas, trichlorosilane
gas and monomethylsilane gas were 0.1–1.0 slm, 0.01–0.06 slm and
0.05–0.3 slm, respectively. The total gas ﬂow rate was adjusted to
1 slm. The entire LCM surface was protected from the harsh condition
of 600 °C and hydrogen, by the silicon carbide ﬁlm produced from
monomethylsilane gas.
3. Results and discussion
3.1. LCM frequency and ﬂuid property
The relationship between the LCM frequency and the gas properties
is described, accounting for the various relationships shown in Fig. 3.
Following a previous paper [7], the LCM frequency change, ΔfGas, at a
ﬁxed temperature, T (K), is expressed using the product of the gas
density, ρGas, and gas viscosity, ηGas as follows:
Δf Gas ¼−C Tð ÞρyGasη
z
Gas
; ð1ÞFig. 2. Process for measuring the frequency of the langasite crystal microbalance under
various conditions.C Tð Þ ¼ f
x
C
πρy
C
μz
C
 !
ð2Þ
where fC is the resonant frequency of the fundamental mode of the
langasite crystal. ρ
C
and μ
C
are the density and shear modulus, respec-
tively, of the langasite crystal. Based on Kanazawa et al. [7], the x, y
and z values are 1.5, 0.5 and 0.5, respectively. In a vacuum, the Δf
value becomes zero.
The LCM frequency change from the vacuum condition to the
hydrogen and to the gasmixtures, are shown in Fig. 3 and are expressed
by Eqs. (3) and (4).
ΔfH2 ¼−C Tð Þρ
y
H2
ηzH2 in hydrogenð Þ : ð3Þ
Δf Mix ¼−C Tð ÞρyMixηzMix in gas mixtureð Þ: ð4Þ
Because the mass increase in the LCM caused by the ﬁlm forma-
tion on the LCM surface induces a frequency decrease, the LCM fre-
quency in the vacuum must be determined for each experiment.
However, the measurement of the LCM frequency in the vacuum is
often not easy in the CVD system customized for the atmospheric
and low pressures. Thus, the accurate measurement of the LCM fre-
quency change from the vacuum condition, such as Δf H2 and ΔfMix,
is very difﬁcult.
In contrast to this, the difference in the LCM frequency between
the CVD condition and the carrier gas can be easily measured by sim-
ply alternating the gases through a routine operation. Additionally,
most of the CVD process, such as heating and cooling, is mainly
performed in the carrier gas. The LCM frequency change from that
in the carrier gas, such as the hydrogen (100% hydrogen), ΔfMeas,is
expressed by Eq. (5).
ΔfMeas ¼ ΔfMix−Δf H2 : ð5Þ
Following this, theΔfMeas value can be accurately determined, while
the mass change of the LCM occurs by means of the multiple use of the
LCM.
By evaluating the ratio of the measured LCM frequency in the gas
mixture to that in hydrogen, Δf
Meas
is shown to have a relationship
with the properties as described by Eq. (6).
Λ f
Meas
¼
Δf
H2
ρy
H2
ηz
H2
ρyMixη
z
Mix−Δf H2 : ð6Þ
The ΔfH2 value is assumed to be sufﬁciently smaller than the ﬁrst
term in Eq. (6). Thus, Eq. (7) is obtained.
Fig. 4. The ΔfMeas value obtained for the gas mixture containing nitrogen, trichlorosilane
and monomethylsilane in the hydrogen carrier gas at 160, 400, 500 and 600 °C, plotted
as a function of ρ0.5μ0.5.
Fig. 6. C(T) values changing with 1/T.
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where A is a constant. Using Eq. (7) with various sets of the LCM
frequency and the ﬂuid properties of the gas mixtures, the y and z values
can be obtained.
In Eq. (7), the gas density was obtained following the ideal gas
law. The gas viscosity was calculated following the Chapman–Enskog
equation [15] and the viscosity of the gas mixture was calculated
following Pollard and Newman [16].
3.2. LCM frequency behavior and parameters
Fig. 4 shows theΔf
Meas
values obtained at 160, 400, 500 and 600 °C
using various gas mixtures, such as hydrogen–nitrogen, hydrogen–
trichlorosilane, hydrogen–monomethylsilane. In this ﬁgure, the
Δf
Meas
value is plotted as a function of ρyμz assuming that both the y
and z values are 0.5 following a previous study [7]. As shown in this
ﬁgure, the Δf
Meas
value followed a single trend and did not depend
on the gas species. However, because the behavior shown in this
ﬁgure was not linear, the y and z values are expected to be optimized
for linearly expressing the LCM frequency behavior.
Next, using Eq. (7), the y and z values were obtained. Using the
measurement shown in Fig. 4, both the y and z values were deter-
mined to be 1.3. As shown in Fig. 5, the Δf
Meas
value was clearly
shown to have a linear relationship with ρ1.3μ1.3. Similar to Fig. 4,
the LCM frequency change in Fig. 5 did not depend on the gas
species.
Using Eqs. (1) and (2), the C(T) values at 160, 400, 500 and 600 °C
were obtained as shown in Fig. 6. This ﬁgure shows that the C(T)
value was expressed following the Arrhenius-type behavior, takingFig. 5. The ΔfMeas value obtained for the gas mixture containing nitrogen, trichlorosilane
and monomethylsilane in the hydrogen carrier gas at 160, 400, 500 and 600 °C, plotted
as a function of ρ1.3μ1.3.into account the mechanical property of the langasite and piezoelectric
crystals [9].
C Tð Þ ¼ 5:4 1011e −2100=Tð Þ ð8Þ
FollowingEqs. (1), (2), (5) and (8) using the y and z values of 1.3, the
ΔfMeas value was calculated and plotted versus the measurement from
160 to 600 °C, as shown in Fig. 7. This ﬁgure shows that the calculation
could sufﬁciently reproduce the measurement. Thus, the equation
obtained in this study is recognized to be helpful for predicting and
evaluating the ΔfMeas values under various conditions based on the
ﬂuid properties, such as the gas density, gas viscosity and the gas tem-
perature, in the CVD reactor.4. Conclusions
The behavior of the langasite crystal microbalance (LCM) frequency
was studied using practical conditions with inactive and reactive gases,
such as nitrogen, trichlorosilane and monomethylsilane, in the carrier
gas of hydrogen at atmospheric pressure and in the temperature
range from 160 to 600 °C. The LCM frequency difference between
the mixed gas condition and the hydrogen was employed for easily
performing CVD process and for the accurate calculation. The coefﬁcient
of the LCM frequency equation was optimized to linearly express the
LCM frequency difference from the hydrogen, as Δf Gas ¼−C Tð ÞρyMixηzMix
(C(T) = A e(−B/T), A = 5.4 × 1011, B = 2100, y = 1.3 and z = 1.3).
Because this equation could reproduce the ΔfMeas values using the gas
properties, it is expected to be convenient for studying the CVD process.Fig. 7. Correlation of the ΔfMeas values between the measurement and the calculation
by Eqs. (1), (2), (5) and (8) using the parameters determined in this study at the tem-
peratures of 160, 400, 500 and 600 °C.
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